1. Introduction {#sec1-ijms-20-03103}
===============

Tacrolimus, a calcineurin inhibitor (CNI), is widely used as an immunosuppressant in patients undergoing liver transplantation. Maintenance of its blood concentration within its narrow therapeutic range (5--15 ng/mL) is important for preventing adverse reactions such as nephrotoxicity and neurotoxicity \[[@B1-ijms-20-03103]\].

CNI-induced acute kidney injury (AKI) is a frequent and serious complication of liver transplantation. AKI can lead to chronic kidney disease and has been associated with high mortality rates in liver transplant recipients \[[@B2-ijms-20-03103],[@B3-ijms-20-03103]\]. The Kidney Disease Improving Global Outcomes (KDIGO) foundation defines AKI as any of the following: (1) An increase in the serum creatinine (SCr) level of 0.3 mg/dL within 48 h; (2) an increase in the SCr level of ≥1.5 times the baseline level within or presumably within a seven-day period; and (3) a urine volume of 0.5 mL/kg/h for 6 h.

Whether SCr is a reliable indicator of AKI is unclear for the following reasons. First, SCr levels reflect changes in the glomerular filtration rate (GFR) \[[@B4-ijms-20-03103]\], which is a nonspecific measure of proximal tubular injury that is usually apparent only after significant kidney damage \[[@B5-ijms-20-03103]\]. Second, non-renal factors also affect SCr levels; these include age, sex, body weight, muscle mass, total body volume, and protein intake \[[@B4-ijms-20-03103],[@B6-ijms-20-03103],[@B7-ijms-20-03103]\]. Third, estimated GFRs (eGFRs) based on SCr levels are imprecise when determined before or after liver transplantation (especially in patients with end-stage liver disease) or perioperatively for assessment of dynamic renal function \[[@B8-ijms-20-03103]\]. Additionally, although the KDIGO diagnostic criteria are the best indicators of AKI in intensive care units, not all liver transplant recipients undergo KDIGO criteria-based evaluations. Therefore, there is a need for more sensitive and specific biomarkers of AKI.

Neutrophil gelatinase-associated lipocalin (NGAL) detects AKI with higher sensitivity and specificity than does SCr. As such, it aids recognition of AKI in the emergency room \[[@B9-ijms-20-03103]\] and after cardiac surgery and liver transplantation \[[@B10-ijms-20-03103],[@B11-ijms-20-03103]\]. A recent study found that high urinary levels of NGAL predicted tacrolimus-induced AKI in liver transplant recipients in whom tacrolimus administration was initiated the morning after surgery (Postoperative Day 1) \[[@B12-ijms-20-03103]\]. However, the generalization of this result is unclear because protocols for administering immunosuppressants differ among institutions. Therefore, validation of this finding requires further investigation.

Here, we determined whether the urinary level of NGAL predicted or detected tacrolimus-induced AKI in liver transplant recipients who received mycophenolate mofetil (MMF) the morning after surgery (Postoperative Day 1) and tacrolimus within three days after surgery.

2. Results {#sec2-ijms-20-03103}
==========

2.1. Patient Characteristics {#sec2dot1-ijms-20-03103}
----------------------------

Our study comprised 26 patients (6 men and 20 women) who underwent living donor liver transplantation (LDLT) at our hospital. All patients received MMF the day after surgery and tacrolimus within three days of surgery. Among these, six (23.1%) developed AKI during the 14-day postoperative period (the tacrolimus (TAC)--AKI group) and 20 did not (the non-AKI group) ([Table 1](#ijms-20-03103-t001){ref-type="table"}). Graft volume (GV) (*p* = 0.006) and GV per standard liver volume (GV/SLV) (*p =* 0.037) were significantly higher in the non-AKI group than in the TAC--AKI group ([Table 1](#ijms-20-03103-t001){ref-type="table"}). GV per body weight (GV/BW) did not differ significantly between the groups nor did age, sex, body weight, Child--Pugh score, Model for End-stage Liver Disease score, preoperative SCr level, preoperative blood urea nitrogen level, preoperative eGFR, postoperative blood tacrolimus level, or total postoperative dose of tacrolimus. Time course of serum creatinine levels in all patients with TAC--AKI and in those without AKI are described in the [Supplementary Materials (Supplementary Figure S1)](#app1-ijms-20-03103){ref-type="app"}.

2.2. Diagnostic and Predictive Ability of Urinary Biomarkers {#sec2dot2-ijms-20-03103}
------------------------------------------------------------

Urinary NGAL levels were measured in urine samples collected from patients in the TAC--AKI and non-AKI groups immediately before tacrolimus administration on Postoperative Day 1 ([Figure 1](#ijms-20-03103-f001){ref-type="fig"}A) and during tacrolimus treatment (Postoperative Day 7 or 14) ([Figure 1](#ijms-20-03103-f001){ref-type="fig"}B). They did not differ significantly between the groups before or after tacrolimus administration.

The levels of three additional urinary biomarkers were measured in urine samples collected immediately before administration of tacrolimus on Postoperative Day 1 ([Figure 2](#ijms-20-03103-f002){ref-type="fig"}A--C) and during tacrolimus treatment (either Postoperative Day 7 or 14) ([Figure 2](#ijms-20-03103-f002){ref-type="fig"}D--F). Urinary levels of monocyte chemoattractant protein 1 (MCP-1) and liver-type fatty acid-binding protein (L-FABP) did not differ between the TAC--AKI and non-AKI groups before or after tacrolimus administration. In contrast, the urinary level of human epididymis secretory protein 4 (HE4) was significantly higher in the TAC--AKI versus non-AKI group during tacrolimus treatment (*p* = 0.042).

NGAL levels were normalized to urinary creatinine levels and plotted on a logarithmic y-axis. Statistical analyses were performed using the Mann--Whitney *U* test. AKI, acute kidney injury; NGAL, neutrophil gelatinase-associated lipocalin; ns, not significant; TAC, tacrolimus.

MCP-1 and L-FABP levels were normalized to urinary creatinine levels and plotted on a logarithmic y-axis. HE4 levels were normalized to urinary creatinine levels and plotted on the y-axis as real numbers. Statistical analyses were performed using the Mann--Whitney U test. \* *p* \< 0.05. AKI, acute kidney injury; HE4, human epididymis secretory protein 4; L-FABP, liver-type fatty acid-binding protein; MCP-1, monocyte chemoattractant protein 1; ns, not significant; TAC, tacrolimus.

3. Discussion {#sec3-ijms-20-03103}
=============

AKI is a common and significant complication of liver transplantation \[[@B3-ijms-20-03103],[@B13-ijms-20-03103]\], and various biomarkers for AKI have been identified. Among them, NGAL accurately detects AKI in patients treated in emergency rooms \[[@B9-ijms-20-03103]\] and patients who underwent cardiac surgery \[[@B14-ijms-20-03103],[@B15-ijms-20-03103]\] or liver transplantation \[[@B10-ijms-20-03103],[@B11-ijms-20-03103]\]. In addition, a previous study reported a significant association between high urinary levels of NGAL and tacrolimus-induced AKI in living-donor liver transplant recipients \[[@B12-ijms-20-03103]\]. Here, we examined urinary levels of NGAL in patients who underwent LDLT at Kyushu University Hospital. No association between urinary NGAL levels and tacrolimus-induced AKI was found either before or after tacrolimus administration.

NGAL, a 25-kDa protein, was originally isolated from human neutrophils \[[@B16-ijms-20-03103]\] and is expressed at very low concentrations in the bone marrow and organs such as the trachea, kidney, lungs, and stomach \[[@B17-ijms-20-03103]\]. In humans, NGAL is highly overexpressed after renal ischemic injury owing to enhanced gene transcription; urinary NGAL levels also increased soon after ischemic renal injury in mouse and rat models \[[@B18-ijms-20-03103]\]. When complexed with a siderophore and iron, NGAL upregulates heme oxygenase-1 to preserve proximal tubules and prevent cell death \[[@B19-ijms-20-03103]\]. It may be a useful marker for renal ischemic injury occurring after cardiac surgery \[[@B14-ijms-20-03103],[@B15-ijms-20-03103]\] or liver transplantation \[[@B10-ijms-20-03103],[@B11-ijms-20-03103]\], and for acute tubular injury (e.g., cisplatin-induced AKI \[[@B20-ijms-20-03103]\] and contrast-induced nephropathy \[[@B21-ijms-20-03103]\]).

Complications caused by CNIs include structural damage to the straight segment of the proximal tubule \[[@B22-ijms-20-03103]\], renal vasoconstriction mediated by the renal sympathetic nervous system \[[@B23-ijms-20-03103]\], and interstitial fibrosis \[[@B24-ijms-20-03103]\]. Interstitial fibrosis due to tacrolimus-induced neurotoxicity has been linked to overexpression of transforming growth factor beta 1 \[[@B10-ijms-20-03103],[@B11-ijms-20-03103]\]. Previous reports correlate NGAL and other proteins expressed in both the proximal and distal tubules of the kidney with renal vasoconstriction and interstitial fibrosis caused by tacrolimus-induced nephrotoxicity \[[@B10-ijms-20-03103],[@B11-ijms-20-03103]\].

Unlike a previous study \[[@B12-ijms-20-03103]\], we found no association between urinary NGAL levels and tacrolimus-induced AKI. This difference may reflect differences in the postoperative immunosuppression protocols used by Kyushu University Hospital (the site of our study) and Kyoto University Hospital (the site of the previous study) ([Figure 3](#ijms-20-03103-f003){ref-type="fig"}) \[[@B12-ijms-20-03103]\]. At Kyoto University Hospital, the target trough blood concentrations of tacrolimus during the first two weeks after surgery were higher than those at our hospital. This is an important consideration because high postoperative trough concentrations of tacrolimus can cause nephrotoxicity and neurotoxicity \[[@B25-ijms-20-03103]\]. To mention another difference, liver transplant recipients at Kyoto University Hospital received tacrolimus beginning the morning after surgery, whereas at our hospital, tacrolimus administration was delayed (second or third day after surgery) for renal protection. In addition to tacrolimus, the patients at our hospital also received MMF (2--3 g daily) beginning the day after surgery.

In many end-stage liver failure cases, renal arterioles contract and the contractions are exacerbated by CNI administration immediately after transplantation. In a previous study, the combination of MMF and a CNI prevented acute cellular rejection, and MMF mitigated the side effects of CNIs after kidney, heart, and liver transplantation \[[@B26-ijms-20-03103]\]. Some reports advocate the use of immunosuppression therapies with low nephrotoxic potentials to reduce the risk of AKI after LDLT, \[[@B25-ijms-20-03103]\] and delayed administration of tacrolimus to preserve renal function \[[@B27-ijms-20-03103]\]. Based on these findings and recommendations, our hospital administered MMF and corticosteroids the day after transplantation and CNIs two--three days after transplantation for immunosuppression. Actually, the percentage of LDLT patients who developed AKI after tacrolimus administration was lower in our study (23.1%) than in the previous study at Kyoto Hospital (64.5%) \[[@B12-ijms-20-03103]\]. An application of our protocol may reduce the incidence of tacrolimus-induced AKI after LDLT.

Risk factors for AKI after LDLT include graft size, donor age \[[@B28-ijms-20-03103]\], and preoperative levels \[[@B29-ijms-20-03103]\]. Preoperative SCr level did not differ significantly between the non-AKI and TAC--AKI groups in our study. GV and GV/SLV were significantly higher in the TAC--AKI group than in the non-AKI group, whereas GV/BW did not differ significantly between the groups. These findings suggest that graft size is unrelated to tacrolimus-induced AKI. The tacrolimus-induced AKI in our study was likely caused by a combination of factors, including intra-operative renal injury, postoperative complications, and side effects of the medications, especially tacrolimus. Through blood concentrations of tacrolimus may also have contributed; although not significant, they tended to be higher in the TAC--AKI group. A low eGFR was not a factor because patients with a preoperative eGFR \<60 mL/min/1.73 m^2^ were excluded.

As a novel discovery, urinary levels of HE4 were significantly higher in the TAC--AKI group than in the non-AKI group during post-transplantation tacrolimus treatment. HE4 is a secreted protein encoded by the *WFDC2* gene, which is located on chromosome 20q12-131 \[[@B30-ijms-20-03103]\]. It reproducibly identifies epithelial ovarian cancers, endometrial carcinomas, and lung malignancies, \[[@B6-ijms-20-03103],[@B7-ijms-20-03103],[@B8-ijms-20-03103]\] and is a potential biomarker for renal fibrosis, cystic fibrosis, lupus nephritis, and chronic kidney disease in systemic lupus erythematosus \[[@B31-ijms-20-03103],[@B32-ijms-20-03103]\]. The physiological and pathological functions of HE4 are not completely understood. HE4 is upregulated in fibrotic kidneys where it promotes renal fibrosis by suppressing the activity of serine proteases and matrix metalloproteinases and, consequently, the degradation of type I collagen \[[@B31-ijms-20-03103]\]. In patients with kidney allografts, elevated HE4 levels may induce renal fibrosis \[[@B33-ijms-20-03103]\] and increase the severity of tubulointerstitial fibrosis and tubular cell damage \[[@B34-ijms-20-03103]\]. The increase in HE4 urinary levels, but not NGAL urinary levels, in the TAC--AKI group suggests that tacrolimus induces AKI by triggering the release of cytokines and chemokines, which exacerbate tubular injury. HE4 may also contribute to interstitial fibrosis by stimulating myoblast differentiation.

This study suggests that urinary levels of NGAL do not predict or detect tacrolimus-induced AKI in liver transplant patients who received MMF and delayed introduction of tacrolimus. The patients in our study had less frequent nephrotoxicity reactions than those who began tacrolimus treatment the morning after liver transplantation \[[@B12-ijms-20-03103]\]. It is possible that tacrolimus induces AKI by different mechanisms depending on the postoperative immunosuppression treatment. Delaying tacrolimus administration after transplantation may reduce the incidence of AKI. Additionally, more sensitive and novel biomarkers for identifying tacrolimus-induced AKI during the postoperative immunosuppression treatment period regardless of postoperative immunosuppressive treatment are needed. Further analysis with a larger sample size is required to assess the accuracy of the present results.

4. Materials and Methods {#sec4-ijms-20-03103}
========================

4.1. Patients {#sec4dot1-ijms-20-03103}
-------------

A total of 70 patients (29 men and 41 women; age, \>18 years) underwent LDLT at Kyushu University Hospital between July 2016 and March 2018 ([Figure 4](#ijms-20-03103-f004){ref-type="fig"}). Patients with renal impairment due to septic ischemia, antibiotics, hepatorenal syndrome, or other causes, or who received renal replacement therapy, were excluded from the study. Also excluded were patients with renal impairment despite low tacrolimus levels, patients whose SCr levels were unaffected by changes in the tacrolimus dosage, patients with perioperative renal impairment before postoperative administration of immunosuppressants, and patients with a preoperative eGFR (\<60 mL/min/1.73 m^2^) or diabetes mellitus. Ultimately, our study comprised 26 liver transplant recipients (6 men and 20 women).

Tacrolimus-induced AKI was diagnosed according to the KDIGO diagnostic criteria. The clinical, treatment, and laboratory data for all patients were obtained from electronic medical records. The preoperative eGFR for Japanese patients was calculated as follows:$$eGFR = 194~ \times age~ - 0.287~ \times SCr~ - 1.094~\left( {\times 0.739~for~women} \right).$$

This study was conducted in accordance with the Declaration of Helsinki and its amendments, and was approved by the Ethics Committee of Kyushu University Graduate School and Faculty of Medicine (Approved number: 588-04, 26 December 2016). All patients provided written informed consent.

4.2. Urine Samples {#sec4dot2-ijms-20-03103}
------------------

Spot urine samples were collected immediately before the administration of tacrolimus on Postoperative Day 1 and on Postoperative Days 7 and 14. All urine samples were stored at −80 °C with protease inhibitor cocktail tablets (Complete Mini; Roche Diagnostics, Mannheim, Germany). Urinary creatinine levels were measured according to the Jaffe reaction using a Lab Assay Creatinine kit (Wako Pure Chemical Industries Ltd., Osaka, Japan). Urinary biomarker levels were measured using ELISA kits purchased from R&D Systems (Minneapolis, MN) (NGAL and HE4), CMIC Co., Ltd. (Tokyo, Japan) (L-FABP), and Abcam (Cambridge, UK) (MCP-1). Biomarker levels were normalized to urinary creatinine levels to adjust for changes in urine concentration.

4.3. Immunosuppression Protocol {#sec4dot3-ijms-20-03103}
-------------------------------

Tacrolimus, steroids, and MMF were administered as part of the initial triple immunosuppression regimen or were introduced during the follow-up as a maintenance regimen. In all liver transplant patients, MMF (2000--3000 mg/day) was initiated the morning after surgery (Postoperative Day 1) and tacrolimus (2--4 mg/day) was started within 3 days after surgery. The tacrolimus dose was adjusted according to the clinical needs of the patient; the target whole-blood trough level was around 10--12 ng/mL for the first month after transplantation and 5--8 ng/mL thereafter. Intravenous methylprednisolone (1000 mg) was administered immediately after portal vein reperfusion and hepatic artery reperfusion, and tapered from 200 mg/day to 20 mg/day within about 6 days. It was continued at 20 mg/day for 1 month after transplantation and tapered to 0--5 mg/day after about 3--4 months ([Figure 3](#ijms-20-03103-f003){ref-type="fig"}). The blood concentration of tacrolimus was measured using a chemiluminescent enzyme immunoassay (ARCHITECT; Abbott Laboratories, Lake Bluff, IL, USA).

4.4. Statistical Analyses {#sec4dot4-ijms-20-03103}
-------------------------

All statistical analyses were performed using Prism version 8 software (GraphPad Software, Inc., San Diego, CA). The Mann--Whitney U-test was used to compare differences between urinary biomarker levels in patients with/without AKI. A *p* value \<0.05 was considered statistically significant.

5. Conclusions {#sec5-ijms-20-03103}
==============

There was no association between urinary NGAL levels and tacrolimus-induced AKI in our study. Hence, the urinary level of NGAL may not be a universal predictor of AKI in liver transplant recipients receiving tacrolimus. To reduce the likelihood of tacrolimus-induced AKI, we recommend administering tacrolimus 2--3 days after surgery, compensating immunosuppressive treatment with MMF from the morning after the surgery.

We would like to thank Mari Nakazono for providing patient information.

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/12/3103/s1>.
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![Urinary levels of neutrophil gelatinase-associated lipocalin (NGAL) in the non-AKI and TAC--AKI groups before and after the administration of tacrolimus. (**A**) Urinary samples were collected on Postoperative Day 1 immediately before the administration of tacrolimus. There were 20 measurements (20 subjects) in the non-AKI group and six measurements (six subjects) in the TAC--AKI group. (**B**) Urinary samples were collected during tacrolimus therapy (either Postoperative Day 7 or 14). There were 40 measurements in the non-AKI group (20 subjects) and seven measurements in the TAC--AKI group (six subjects).](ijms-20-03103-g001){#ijms-20-03103-f001}

![Urinary levels of human epididymis secretory protein 4 (HE4). (**A**) Monocyte chemotactic protein-1 (MCP-1) (**B**), and liver-type fatty acid-binding protein (L-FABP) (**C**) in the non-AKI group and TAC--AKI group immediately before tacrolimus administration on Postoperative Day 1. There were 20 measurements in the non-AKI group (20 subjects) and six measurements in the TAC--AKI group (six subjects). Urinary levels of HE4 (**D**), MCP-1 (**E**), and L-FABP (**F**) in the non-AKI and TAC--AKI groups during tacrolimus therapy (either Postoperative Day 7 or 14). There were 40 measurements in the non-AKI group (20 subjects) and seven measurements in the TAC--AKI group (six subjects).](ijms-20-03103-g002){#ijms-20-03103-f002}

![Immunosuppression protocols. (**A**) Kyushu University Hospital. (**B**) Kyoto University Hospital. MMF, mycophenolate mofetil; pod, postoperative day.](ijms-20-03103-g003){#ijms-20-03103-f003}

![Diagnostic algorithm of patient selection. A total of 70 patients (29 men and 41 women; age, \>18 years) who underwent living donor liver transplantation at Kyushu University Hospital between July 2016 and March 2018 were enrolled in the study after obtaining written informed consent. Patients with renal impairment due to septic ischemia, antibiotics, hepatorenal syndrome, or other causes and patients who had received renal replacement therapy were excluded. Additionally excluded were patients with renal impairment despite low tacrolimus levels, patients whose SCr levels were unaffected by changes in the tacrolimus dosage, patients with perioperative renal impairment before postoperative tacrolimus-based immunosuppression treatment, and patients with a preoperative eGFR (\<60 mL/min/1.73 m^2^) or diabetes mellitus. Ultimately, 20 patients without AKI (control) and 6 patients with tacrolimus-induced AKI were included in the analysis. AKI, acute kidney injury; eGFR, estimated glomerular filtration rate; KDIGO, Kidney Disease Improving Global Outcomes; SCr, serum creatinine.](ijms-20-03103-g004){#ijms-20-03103-f004}

ijms-20-03103-t001_Table 1

###### 

Patient characteristics.

  Characteristic                                     Non-AKI (*n* = 20)   TAC--AKI (*n* = 6)   *p*-Value
  -------------------------------------------------- -------------------- -------------------- -----------
  Age (years)                                        53.6 ± 11.3          47.4 ± 6.63          0.046
  Sex (male/female)                                  6/14                 0/6                  NS
  Preoperative body weight (kg)                      60.0 ± 10.68         58.0 ± 10.13         NS
  Preoperative SCr (mg/dL)                           0.57 ± 0.15          0.57 ± 0.10          NS
  Preoperative BUN (mg/dL)                           10.4 ± 4.4           13.8 ± 8.7           NS
  Preoperative eGFR (mL/min/1.73 m^2^)               103.9 ± 30.2         90.8 ± 19.4          NS
  MELD score                                         15.5 ± 6.75          15.0 ± 6.45          NS
  Child--Pugh score                                  10.2 ± 1.9           10.5 ± 2.4           NS
  GV (g)                                             525.0 ± 106.6        416.2 ± 47.2         0.006
  GV/SLV (%)                                         45.5 ± 7.4           37.2 ± 5.2           0.037
  GV/preoperative body weight (%)                    0.88 ± 0.15          0.73 ± 0.14          NS
  Primary disease (*n*)                              NS                                        
  Primary biliary cirrhosis                          3                    5                    
  Hepatitis C virus-related liver cancer             5                    1                    
  Hepatitis B virus                                  3                    0                    
  Alcoholic cirrhosis                                5                    0                    
  Other                                              4                    0                    
  Total tacrolimus dose between PODs 1 and 14 (mg)   59.0 ± 20.6          50.64 ± 20.75        NS
  Blood tacrolimus between PODs 1 and 14 (ng/mL)     10.71 ± 1.9          12.08 ± 1.00         NS
  ABO blood group match                                                                        NS
  Identical/Compatible/Incompatible                  11/3/6               4/1/1                

The results are given as mean ± standard deviation. Statistical analysis was performed using the Mann--Whitney *U* test and chi-square test. Abbreviations: AKI, acute kidney injury; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; GV, graft volume; MELD, Model for End-stage Liver Disease; NS, not significant; POD, postoperative day; SLV, standard liver volume; SCr, serum creatinine; TAC, tacrolimus.
